The unification of quark and lepton mixings: favored SUSY spectra for LHC 



(N 

o 

(N 



(N 



Abhijit Samanta* 

Department of Physics, Heritage Institute of Technology, Kolkata 700 107, India ' 

(Dated: March 22, 2012) 

The lower bounds on the masses of supersymmetric particles from LHC data and the upper 
bound on the sum of three active neutrino masses Q2i m Vi) from sky survey data have reached 
interestingly very strong limits. We show that there exists a correlation between the lower bounds 
on sparticle masses and the upper bound on ^\ m Vi if there is unification of quark and lepton 
mixings at the grand unification scale. The lower bounds on sparticle masses increase as the upper 
bound on £\ m Vi decreases. For negative n (with conventional definition of sign) there is a strong 
lower bound on £\ m Vi <; 1 eV. Surprisingly, on the other hand, for positive n if m Vi < 1 eV, 
the bounds on sparticle masses follow the recent LHC result. This upper bound on neutrino mass 
is strongly favored by the sky survey data and the positive sign of /j, is again preferred by g — 2 of 
the muon. Finally, we find that the quark-lepton unification is consistent with present experimental 
data and it strongly constrains the parameter space of supersymmetry breaking models. 

PACS numbers: 14.60.Pq, 12.60.Jv 
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Introduction: The unification of fundamental interactions 
[1, 2] in grand unified theories (GUT) motivates to study 
whether the origin of neutrino mass is from a common 
seed at the GUT scale and/or whether the origin of quark 
and the lepton mixing matrices are the same. Recently, 
the possibility that weak interaction properties of quarks 
and leptons parametrized by very different flavor mixing 
matrices at low energies may become identical at high 
energies (around GUT scale) has been shown in [3] . 

The quark masses originate from electroweak sym- 
metry breaking (EWSB), while neutrino masses have dif- 
ferent origin at the higher scale — the see-saw mecha- 
nism. They can be obtained at high scale theories using 
dimension-5 operator [4]. The energy dependence of the 
effective neutrino mass matrix below the scale where this 
operator is generated is described by its renormalization 
group equation (RGE) [5]. The Yukawa matrix close to 
the unit matrix is required to generate quasi-degenerate 
neutrinos [6], which is needed for large magnifications of 
solar and atmospheric mixing angles [7-9]. The required 
values of the neutrino masses can be tested at experi- 
ments, as the weak scale values of these masses to explain 
the oscillation data are in the range obtained from sky 
survey data [10] as well as from beta decays. Moreover, 
this range can also be accessible in future double beta 
decay experiments [11] and in KATRIN experiment [12]. 

Motivated by the above experiments on neutrino 
masses we study the unification of quark and lepton mix- 
ing matrices at the grand unification scale (where the 
gauge couplings unify). We consider the simplest super- 
symmetry (SUSY) breaking model — mSUGRA model. 
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The important feature of this work is that the running of 
neutrino parameters are exact as they are coupled with 
the running of minimal supersymmetric standard model 
(MSSM) parameters using the ISASUGRA program of 
the ISAJET package (V7.81) [13], while the supersym- 
metric contributions were approximate in the previous 
works discussed earlier. As a consequence, we obtain not 
only the more exact running of neutrino masses and mix- 
ing angles, but also achieve the ability to constrain SUSY 
parameters from neutrino parameters. Here, we consider 
two loop RGE for Yukawa, gauge and sparticle masses, 
and one loop RGE for neutrino parameters. 

In this Letter we show that i) unification of quark 
and lepton mixings at the GUT scale leads to a correla- 
tion between upper bound on J2i m Vi and lower bounds 
on sparticle masses at weak scale, and it constrains 
the SUSY parameter space and sparticle masses; ii) the 
present experimental results: lower bounds on sparticle 
masses from LHC, upper bound on ^ 4 m Vi from sky sur- 
vey data and the sign of fj, from g — 2 of muon from Teva- 
tron experiment are consistent with quark-lepton unifi- 
cation. 

Renormalization group evolution: The solution of the 
coupled RGEs for neutrino parameters along with SUSY 
parameters are obtained by an iterative cyclic pro- 
cess (weak-to-GUT and then GUT-to-wcak) with GUT 
boundary conditions following the mSUGRA model [15- 
18]. The neutrino parameters are also set at GUT scale. 
The Higgsino mass /i and the soft Higgs bilinear term B 
are fixed from radiative electroweak symmetry breaking 
(REWSB). This has been done by the following steps. 
First, we set the gauge couplings and Yukawa couplings 
at electroweak (EW) scale and run only these nine cou- 
plings up to GUT scale (where g\ and gi meet) setting 
other required mass parameters at SUSY breaking scale 
with approximate values. Now, we set the GUT bound- 
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ary conditions for neutrino and SUSY parameters; put 
fx, B = (one can also put arbitrary values), and run 
down to weak scale. After adding the loop corrections 
to Higgsino mass parameters m 2 H and fn 2 Hd we calculate 
fi and B from EWSB condition. Taking these fi and B 
values as well as the RGE evolved SUSY parameters and 
neutrino parameters, we run up to GUT scale and put 
the GUT values of [i and B as they come and reset all 
other parameters at the GUT scale as earlier. We iter- 
ate this process until all parameters converge to a certain 
tolerance. The iteration are needed as the fj, and B are 
involved in the running of other parameters. 

To understand the results the analytical formula for 
RGE of neutrino mixing angles and masses [5] are very 
important: 
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where £ = Am 21 / Am 2 2 , Am 21 = to 2 — to 2 , Am§ 2 = 
roj - m 2 .; C = 1 in MSSM and -3/2 in Standard Model 
(SM). 

16tt 2 mi = [a+ Cy 2 (2s 2 12 sj 3 + Fi)] mi , (2a) 
16tt 2 to 2 = [a + Cy 2 (2c 2 2 s 2 3 + F 2 )] m 2 , (2b) 
16^ 2 m 3 = [a + 2Cy 2 c 2 3 c 2 3 ] m 3 , (2c) 

where a = -3fl-| + 2y 2 + 6(y 2 + yf) + X for SM; and 
a = -6/5.9 2 - 6g% + 6y 2 for MSSM. We are using GUT 
charge normalization for g\. Fi and F 2 contain terms 
proportional to sin0i 3 : 



Fi 



-si 3 sin 26*12 sin 26* 23 cos S + 2s 2 3 c 2 2 c 2 3 , (3a) 



^2 = S13 sin 26*12 sin 2023 cos S + 2s 2 3 s\ 2 c 23 . (3b) 

From the RGE it is clear that one needs quasi-degenerate 
neutrino masses and normal hierarchical mass pattern for 
radiative magnification of the mixing angles; the other 
consequences are discussed later in context of explaining 
the results. 

Result: We find the allowed points in parameter space 
by scanning randomly over the following ranges of the 



parameters; common scalar mass (mo): 0.05 - 3 TeV, 
common gaugino mass (mi/ 2 ): 0.05 - 3 TeV, common 

trilincar coupling (Aq): — 3too h3mo, sign(^): ±1, 

and tan/3 (ratio of two vacuum expectation values of 
H u and Hj): 35 - 70. We set the ranges for neutrino 
masses m\, m 2 , m§ = — 0.7 eV, neutrino mixing an- 
gles 0? 2 = 0.22(1 ± xi), 0? 3 = 0.0039(1 ± x 2 ), 0g 3 = 
0.034(1 ± x 3 ), CP phase 5° CP = 60° (1 ± x 4 ), and Majo- 
rana phases (p 2 = — 360°. We have chosen XiS (un- 
certainties in the unification) randomly within the range 
< Xi < 40% (i = 1,2,...) as an uncertainty due to ap- 
proximate evolution [19] of CKM parameters. We have 
checked varying the upper limits of XiS from 30% to 50% 
that the results do not change drastically; the bounds 
(discussed later) become gradually stronger as the upper 
limits of decreased. 

We set the experimental bounds obtained from LEP 
data: m h > 114.5 GeV, m^± > 103 GeV [20] as these 
masses can be dominated by the value of fi 1 . We consider 
only the points in the parameter space that can produce 
neutrino oscillation parameters at weak scale within the 
present global-fit ranges at 3<r [21]: sin 2 2 3 — \ 2 ; 
sin 2 0i2 ~ 0.312t°;°g, and sin 2 13 £ 0.039. The thresh- 
old corrections are added to the mass squared differences 
[22]. These are not significant in this scenario with nor- 
mal slepton mass hierarchy. However, we have studied 
the unification with and without threshold corrections 
varying the ranges of mixing angles and mass squared 
differences. We present the plots for Am 21 : 5 — 10 x 10 -5 
eV 2 and Am§ 2 : 2 — 3 x 10 -3 cV 2 , respectively, consider- 
ing the threshold corrections. Obviously, more stronger 
constraints arc obtained for narrower ranges of oscillation 
parameters (discussed later). 

The generation of neutrino mixing angles at weak 
scale in the ranges allowed by global-fit of neutrino os- 
cillation data needs large radiative magnifications and 
demands very high value of y T . As this ranges at present 
are very narrow, it fixes y T and consequently determines 
the value of tan /3 as a function of the sum of three active 
neutrino masses (J2 m ^i ) a ^ the EW scale. As ^ i rn Vi 
is lowered more higher value of y T is required, which de- 
mands more larger value of tan/3. This is shown in the 
first plot of Fig. 1. 

The solar and atmospheric mass squared differences 
are different by two order of magnitude as well as the 
magnification for solar angle is ~ 3 and for atmospheric 
angle is ~ 20. To accommodate all these parameters in 
the experimentally allowed ranges for a given neutrino 
mass scale the Majorana phases are constrained in very 



1 If we withdraw the LEP bounds, the relatively lower sparticle 
masses arc allowed, but the correlation of the bounds (discussed 
later) with m Vi remains. 
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narrow regions (see second and third plot of Fig. 1). This 
can be understood from Eq. la and from Eq. lc. 

The upper value of tan /3 is bounded from REWSB or 
from the LEP bounds of m^± or ran- As tan/3 increases 
m 2 Hd decreases; and it can even be negative. This leads to 
smaller /i at larger tan j3. At more higher tan j3 REWSB 
becomes impossible as /i 2 becomes negative. In case of 
[i < the loop corrections at EW scale make m% more 
lower compared to fi > and it gives bound on tan/3 
55. This restricts the increase in y T and consequently 
leads to a lower bound on J2i m vi ~ 1 °V, which is very 
unlikely to be allowed by the present cosmological data 
[10]. 

On the other hand, for fi > one can increase tan/3 
up to 65 leading to a decrease in ^ m Vi « 0.6 eV, which 
is very strongly favored by the neutrino data from sky 
survey [10]. The REWSB and the value of \x also de- 
pend on value of rn 2 H ^ and rn 2 Hd at GUT scale as well 
as on sparticle masses (through RG running and loop 
corrections at EW scale). Again, for a given tan/3 y T 
depends on the value of [i, gaugino masses and others 
through radiative corrections at weak scale. This leads 
to strong bounds on sparticle masses correlated with the 
upper limit of J2i m ^i : m g ~ 1 TeV, <; 0.7 TeV, 
and nig t ii 0.5 TeV when fi > and % m Ui ^ 1 e V- 
These results depend only on J^. m Vi , other parameters 
are scanned over their whole ranges. Surprisingly, all 
these bounds follow the recent LHC results and are well 
above the LHC bounds [14] ; and again, the neutrino mass 
limit Yli m vi ~ 1 °V is strongly favored by the neutrino 
data from sky survey. 

At this large value of tan/3, can be the lightest 
supersymmctric particle (LSP) in some cases depend- 
ing on the choices of other parameters, mainly Aq and 
sign(/i). Another consequences of such high values of 
tan/3 with positive sign of \i are successful explanation 
of g — 2 of muon [23]. Again, for positive fi, t — b — t 
unification is also possible [24]. 

In Fig. 2 wc present neutrino mass correlated 
bounds in the planes of mo — mi/2, mg L — m^, m^—m^o, 
and nig — , respectively. For each plot the allowed 
points are separated for three J2 i m Vi ranges: < 0.7 cV, 
0.7 - 1.0 cV and >1 eV, respectively, to show the de- 
pendence on the neutrino mass scale. As an example, 
in case of fj, > 0, for whole range of J2i m Vi there is a 
bound on to ^ 1.5 TeV only when m.1/2 ii 0.4 TeV; but, 
for J^i m vi ~ 1 eV ^ 0.5 TeV over whole range of 

mo- In all these plots we randomly choose all the param- 
eters and there is no correlation among them. So, these 
are only neutrino mass dependent bounds. From these 
plots one can easily find the values of individual sparti- 
cle masses and the differences nig L — , m fl — m^o , or 
nig—m^ , which have definite pattern and one can predict 
the interesting possible collider signatures at LHC. 



In case of other supersymmetry breaking scenarios 
one can also expect similarly strong bounds on sparticle 
masses from this unification criteria as one needs large 
tan/3 and again as it requires larger ra 2 H ^ and Tn% d at 
GUT scale for EWSB. But, the above differences in the 
sparticle masses will then have different definite pattern 
as the GUT boundary conditions are different and the 
range of tan /3 is very narrow. This may make the possi- 
bility in distinguishing the models. 

Conclusion and discussion: In this Letter we have shown 
that unification of quark and lepton mixing matrices at 
the GUT scale leads to a very interesting correlation be- 
tween the upper limit on m Vi and the lower limits on 
sparticle masses. This arises due to the fact that there ex- 
ists a lower limit on tan j3 for a given m Vi from quark- 
lcpton unification. As m vi decreases lower limit on 
tan/3 increases. For a given high value of tan/3 very 
strong lower bounds of sparticle masses appear from 
REWSB. As tan/3 increases lower bounds of sparticle 
masses increase significantly. There is an upper limit on 
tan/3 ^ 55 for fi < from REWSB and it constrains 
m Vi <; 1 cV. For ^ m Vi 1 eV only fx > is al- 
lowed and there exists strong lower bounds on sparticle 
masses (<; TeV). 

Interestingly, m Vi < 1 eV is favored by the recent 
neutrino data from sky survey and the positive value of 
/i with high tan /3 is strongly favored by g — 2 of muon. 
Again, for positive [i, t — b — t unification is also possi- 
ble. Finally, we find that present experimental data are 
consistent with quark-lepton unification and it can con- 
strain the parameter space of the supersymmetry break- 
ing models. 
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FIG. 1: The lower bound for tan/3 as function of Y2 i m Ui (first), and the allowed parameter space for Majorana phases in tpx — tp 2 
plane at the GUT scale (middle) as well as the weak scale (last) for both sign of fi. 
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FIG. 2: The allowed region in the plane of mo — mi/2 (first), mg L — (second), — m^o (third) and rrig — (fourth), 
respectively. The allowed points for ^2 i m Vi < 0.7 eV, 0.7 - 1 eV and > 1 eV are represented by solid box, circle and triangle, 
respectively. 



ph/0002177]. 

[8] S. Antusch, M. Ratz, JHEP 0211, 010 (2002). [hep- [16 
ph/0208136]. 

[9] R. N. Mohapatra, M. K. Parida, G. Rajasekaran, Phys. [17 

Rev. D72, 013002 (2005). [hep-ph/0504236]. 
[10] J. Hamann, S. Hannestad, G. G. Raffelt, I. Tamborra, [18 

Y. Y. Y. Wong, Phys. Rev. Lett. 105, 181301 (2010). [19 

[arXiv: 1006.5276 [hep-ph]]. 
[11] A. Barabash, [hep-ex/0608054]. [20 
[12] A. Osipowicz et al. [ KATRIN Collaboration ], [hep- [21 

ex/0109033]. 

[13] F. E. Paige, S. D. Protopopescu, H. Baer, X. Tata, [hep- [22 
ph/0312045]. 

[14] G. Aad et al. [ ATLAS Collaboration ], [arXiv:1109.6572 [23 
[hep- ex]]. 

[15] L. J. Hall, J. D. Lykken, S. Weinberg, Phys. Rev. D27, [24 



2359-2378 (1983). 

A. H. Chamseddine, R. L. Arnowitt, P. Nath, Phys. Rev. 
Lett. 49, 970 (1982). 

R. Barbieri, S. Ferrara, C. A. Savoy, Phys. Lett. B119, 
343 (1982). 

N. Ohta, Prog. Theor. Phys. 70, 542 (1983). 

S. G. Naculich, Phys. Rev. D48, 5293-5304 (1993). [hep- 

ph/9301258]. 

http://lepsusy.web.cern.ch/lepsusy/ 

T. Schwetz, M. Tortola, J. W. F. Valle, New J. Phys. 13, 
109401 (2011). [arXiv: 1108. 1376 [hep-ph]]. 
S. K. Agarwalla, M. K. Parida, R. N. Mohapatra, G. Ra- 
jasekaran, Phys. Rev. D75, 033007 (2007). 
U. Chattopadhyay, P. Nath, Phys. Rev. Lett. 86, 5854- 
5857 (2001). [hep-ph/0102157]. 

H. Baer, J. Ferrandis, Phys. Rev. Lett. 87, 211803 (2001). 



[hep-ph/0106352] 



